Abstract: Adding short steel fibers into slag-based geopolymer mortar and concrete is an effective method to enhance their mechanical properties. The fracture properties of steel fiber-reinforced slag-based geopolymer concrete/mortar (SGC/SGM) and unreinforced control samples were compared through three-point bending (TPB) tests. The influences of steel fiber volume contents (1.0%, 1.5% and 2.0%) on the fracture properties of SGC and SGM were studied. Load-midspan deflection (P-δ) curves and load-crack mouth opening displacement (P-CMOD) curves of the tested beams were recorded. The compressive and splitting tensile strengths were also tested. The fracture energy, flexural strength parameters, and fracture toughness of steel fiber-reinforced SGC and SGM were calculated and analyzed. The softening curves of steel fiber-reinforced SGC and SGM were determined using inverse analysis. The experimental results show that the splitting tensile strength, fracture energy, and fracture toughness are significantly enhanced with fiber incorporation. A strong correlation between the equivalent and residual flexural strengths is also observed. In addition, the trilinear strain-softening curves obtained by inverse analysis predict well of the load-displacement curves recorded from TPB tests.
Introduction
Although ordinary Portland cement concrete (PCC) is regarded as the most widely used construction material, and some novel cementitious composites featuring outstanding properties have been proposed recently [1] [2] [3] , their inherent adverse effects on the environment are attracting increasing attention. The emphasis on sustainable development has motivated researchers to explore new cementitious materials as partial or complete alternatives to Portland cement (PC) [4] [5] [6] [7] . Geopolymer cement has recently been regarded as a potential alternative to PC.
Slag-based geopolymer utilizes ground granulated blast furnace slag (GGBFS) as the sole raw material, and is activated by alkali solutions to form cementitious material. It was first studied by Purdon [8] , and extensive studies have subsequently demonstrated that slag-based geopolymer exhibits similar mechanical properties to or even performs better than PC in many aspects [9, 10] .
Despite its many advantages, such as early strength development, durability, high resistance to chemical attack, low hydration heat and good resistance to freeze-thaw cycles [9, 10] , slag-based geopolymer still exhibits a brittle nature, similar to that of PC. In addition, its autogenous and drying shrinkages are 4-5 times larger than those of PC [11] [12] [13] [14] [15] , which would further decrease its ability to The alkali activator liquid used was a mixture of sodium silicate solution and sodium hydroxide. The water content and the modulus (the mole ratio of SiO 2 to Na 2 O) of the sodium silicate solution were 59% (by mass) and 3.7, respectively. The addition of 99% pure sodium hydroxide (NaOH) flakes helped to adjust the modulus of the alkali activator to the targeted values.
The fine aggregate was medium sand with a fineness modulus of 2.81. Additionally, gravel from the local river with a maximum size of 10 mm was selected as the coarse aggregate. The bulk specific density and water absorption of the coarse aggregate were 2530 kg/m 3 and 1.83%, respectively. The grading curves of the coarse and fine aggregates are given in Figure 1 . The basic properties and configuration of the hooked-end deformed steel fiber used in this study are listed in Table 2 . The length of the steel fiber was 13 mm and its aspect ratio was 60. The fine aggregate was medium sand with a fineness modulus of 2.81. Additionally, gravel from the local river with a maximum size of 10 mm was selected as the coarse aggregate. The bulk specific density and water absorption of the coarse aggregate were 2530 kg/m 3 and 1.83%, respectively. The grading curves of the coarse and fine aggregates are given in Figure 1 . The basic properties and configuration of the hooked-end deformed steel fiber used in this study are listed in Table 2 . The length of the steel fiber was 13 mm and its aspect ratio was 60. 
Mix Proportion
The mix proportions of unreinforced SGM and SGC are summarized in Table 3 . The alkali concentration (the percentage of Na2O by mass of slag, n) and the modulus of the alkali activator (the mole ratio of SiO2 to Na2O, Ms) were determined based on former research conducted by the authors [32, 33] in order to guarantee the workability of the slag-based geopolymer matrix [9, 34] . The steel fiber volume contents were 1.0%, 1.5% and 2.0% for both SGM and SGC. The fiber-reinforced SGM and SGC mixes were designated based on their fiber content (shown in Table 4 ). For example, SGM-SF1.0 represents SGM with steel fiber reinforcement of 1.0%. Note: "n" is the alkali concentration and "Ms" is the modulus of alkali activator. 
The mix proportions of unreinforced SGM and SGC are summarized in Table 3 . The alkali concentration (the percentage of Na 2 O by mass of slag, n) and the modulus of the alkali activator (the mole ratio of SiO 2 to Na 2 O, M s ) were determined based on former research conducted by the authors [32, 33] in order to guarantee the workability of the slag-based geopolymer matrix [9, 34] . The steel fiber volume contents were 1.0%, 1.5% and 2.0% for both SGM and SGC. The fiber-reinforced SGM and SGC mixes were designated based on their fiber content (shown in Table 4 ). For example, SGM-SF1.0 represents SGM with steel fiber reinforcement of 1.0%. 
Sample Preparation
The sodium hydroxide, sodium silicate solution and water were firstly blended to form an alkali activator solution 24 h before concrete mixing to ensure that the solution cooled down to room temperature. The weighted GGBFS, fine aggregate and coarse aggregate were added into the mixer and dry-mixed for 3 min. Then, the alkali activator solution was slowly poured into the mixer and mixed with the solid fraction for another 3 min. Once a consistent mixture was reached, the fibers were added slowly and mixing was continued until uniform dispersion could be observed. The final mixture was cast into the prepared molds and solidified on a vibrating table. All the specimens were covered with plastic sheets for 24 h and then demolded and cured in an environmental chamber with a constant temperature of 21 ± 1 • C and a relative humidity of 90 ± 5% for 28 days.
Testing Procedure

Compressive and Splitting Tensile Strength Tests
Compressive strength and splitting tensile strength were tested using a universal testing machine of 2000 kN capacity. The specimens used were 70.7 mm cubes and 150 mm cubes for mortar and concrete, respectively, for testing both the compressive and splitting tensile strengths. Three and six identical specimens were prepared for compressive and splitting tensile strength tests, respectively, for each type of mixture. The loading rate adopted in the compressive strength test was 0.8 MPa/s, while the loading rate for the splitting tensile strength test was 0.08 MPa/s [35] .
Three-Point Bending (TPB) Test
The beam sizes used for the three-point bending (TPB) tests were 100 mm × 100 mm × 515 mm. The span-to-depth ratio was 4.0. All the specimens were precut in the middle of the beams with a notch of 40 mm height and 3 mm width. The beam was simply supported with the notched face down. The geometry of the specimen is shown in Figure 2 . Four identical specimens were prepared for each mixture. The crack mouth opening displacement (CMOD) was measured using the clip gauge clamped at the mouth of the precut notch. Two linear variable differential transformers (LVDTs) were used to detect the midspan displacement (δ) of the beam, and the effect of support settlement on the midspan displacement was removed by measuring the displacements of the two supports simultaneously. A closed-loop servo-controlled hydraulic jack with 100 kN capacity was used. The loading rate for the unreinforced specimens was kept at 0.02 mm/min [36] , while it was settled at 0.5 mm/min for the reinforced ones [37] . TPB tests on the notched beams were conducted to determine the fracture energy [31] , equivalent and residual flexural strengths [37] , and fracture toughness of the specimens [38] . 
Testing Results and Discussion
Experimental Phenomena
For plain SGM and SGC beams, once the crack initiated, the maximum load was reached in a very short time; no visible cracks could be observed at this stage. The beam lost the capacity to withstand more load soon after the peak load was achieved. The crack propagated in a straight line from the notch tip to the top of the beam (Figure 3a ) and the fracture surface was smooth. These phenomena demonstrated the brittleness of plain SGM and SGC.
The ductile failure mode was observed for steel fiber-reinforced SGM and SGC beams. When the fibers were added into the matrix, the beam could keep deforming and withstanding load even after the peak load was reached. The mid-span deformations of the beams at failure were more than 10 mm, which were significantly larger than those of the plain specimens. Numerous tiny cracks could be observed near the main crack due to the fiber bridging effect (Figure 3b) . Hence, the ductility of the fiber-reinforced specimens was much better than that of the plain ones. 
Compressive and Splitting Tensile Strengths
The average 28-day compressive strengths of plain and steel fiber-reinforced SGM and SGC are listed in Table 4 . It can be seen that the average compressive strength (f c ) of plain SGM was 69.2 MPa, while the enhancement of the compressive strength was 13%, 13% and 22%, respectively, with the fiber volume additions of 1.0%, 1.5% and 2.0%, which was similar to previous observations [18] . The strength enhancement can be attributed to the ability of the fibers to transfer stresses and loads [39, 40] . With regard to SGC, the reinforcement effect with fiber incorporation reached its maximum (i.e., a 22% increase) when the fiber volume fraction was 1.5%. However, further increase of the fiber dosage to 2% did not continuously improve the compressive strength of SGC. This result was consistent with previous research conducted on steel fiber-reinforced high-strength concrete [41] . This might be due to the fact that the overdose of steel fiber would cause mixing difficulty and fiber balling, which would generate adverse influences on workability and uniformity. Therefore, a less obvious improvement in the compressive strength was observed when fiber content was increased to 2%. Compared with the enhancement to the compressive strength of SGM and SGC with steel fiber incorporation, the reinforcement efficiency on the splitting tensile strength (f st ) was more significant, as displayed in Table 4 , which is consistent with prior research [16] [17] [18] . The enhancement of the splitting tensile strength of SGM with steel fiber incorporation increased with the fiber volume fraction. The splitting tensile strength of plain SGM was 5.03 MPa, and such a value was improved to 13.14 MPa (i.e., a 161% increase) when the fiber volume addition was 2.0%. The splitting tensile strength enhancement with steel fiber addition on SGC was not as significant as that on SGM, while still showing a 23-38% increase. The reinforcement efficiency of SGC reached its best when the steel fiber volume fraction was 1.5%, which was similar to that of the compressive strength. No further strength improvement was observed when the fiber volume fraction was increased from 1.5% to 2.0%, which was largely due to the poor workability of the fiber composite, resulting in mixing difficulty and decrease in uniformity.
Xu and Shi [42] proposed an empirical relationship between the splitting tensile strength f st and the compressive strength f c of hooked-end steel fiber-reinforced cement concrete with a fiber aspect ratio of 50-80 (the fiber aspect ratio used in this study was 60) based on the collected experimental data though regression analysis, as follows:
The experimental results of the steel fiber-reinforced SGM and SGC obtained in this study and the predictions proposed by Xu and Shi [42] are compared in Figure 4 . It is seen that the predictions underestimate the splitting tensile strength of both fiber-reinforced SGM and SGC, especially for the case of SGM. The splitting tensile strength of SGC with the fiber volume addition of 1.0% was 7.47 MPa, which was 10.3% higher than that predicted by Xu and Shi [42] (i.e., 6.77 MPa). This might be attributed to the better bond characteristics of geopolymer binders with steel reinforcement compared with PC [18, 43] . 
Load-Deflection Curves and Ultimate Load
The average P-δ curves of steel fiber-reinforced SGM and SGC beams along with unreinforced control specimens are shown in Figure 5a ,b. The specimens without fibers failed in a sudden manner and without warning. Conversely, a non-linear elastic increase of load was found for the steel fiber-reinforced beams before the maximum load was reached. After that, the load decreased gradually with further displacement increase. The post-peak behavior was significantly improved by fiber incorporation. The incorporation of fibers clearly made contribution to enlarge the area under the load-deflection curve and improve the energy absorption capacity during the fracture process. Figure 5a shows that the mid-span deformation at the failure of steel fiber-reinforced SGM specimen with 2% fiber addition reached 14 mm, while this value was less than 1 mm for plain SGM specimen. The average P-δ curves of plain and steel fiber-reinforced SGC specimens with the fiber volume fractions of 1.0%, 1.5%, and 2.0% are shown in Figure 5b . It is obvious that the area enclosed by the P-δ curve reached its maximum when the steel fiber volume content was 1.5%, which seemed to be the optimal steel fiber volume content for SGC. Figure 6 presents the ultimate loads P u of plain and steel fiber-reinforced SGM and SGC beams obtained from the TPB tests. It is clear that the incorporation of fibers efficiently improved the ultimate loads of SGM and SGC because the fibers served as crack arrests or barriers in the matrix. The ultimate loads P u of unreinforced SGM and SGC beams were 2.1 kN and 3.4 kN, respectively. As expected, the P u of steel fiber-reinforced SGM increased with the fiber volume content (Figure 6a) . The average ultimate load P u of SGM beams increased from 2.3 kN to 3.9 kN (i.e., a 69.6% increase) when the steel fiber volume content increased from 1.0% to 2.0%. As shown in Figure 6b , the enhancement of the ultimate load of SGC with steel fiber incorporation approached its largest when the fiber volume content was 1.5%. Adding more fibers did not continue improving the ultimate load of the specimens. 
Load Fracture Properties
Fracture Energy
The incorporation of fibers can turn concrete into a relatively high energy absorbing material, which could mitigate the hazards that structures may suffer when subjected to dynamic loads. The fracture energy of fiber-reinforced concrete specimens has to be computed with reference to a specified displacement value. A reliable cut-off point can be chosen at 10 mm [44] . The fracture energy G F can be determined indirectly based on the TPB test recommended by RILEM TC50-FMC [31] using Equation (2):
where m is the beam mass between two supports (kg); W 0 is the external work (N·m); δ 0 is the final mid-span deformation (m); g is the gravitational acceleration, 9.81 m/s 2 and A lig is the ligament area (m 2 ). The average fracture energies of unreinforced and steel fiber-reinforced SGM and SGC beams are calculated and summarized in Table 5 , in which K is an index representing the degree of improvement in the fracture energy due to fiber inclusion (i.e., G F (fiber-reinforced)/G F (non-reinforced)). It is clear that the energy absorption capacity is significantly improved with the fiber incorporation for both SGM and SGC. The average fracture energy of the unreinforced SGM beam was 97.4 N/m, while this value increased to 4188.0 N/m (i.e., about 46 times) when the steel fiber volume content was 2.0%. Observing the fracture surface of steel fiber-reinforced specimens as shown in Figure 7 , it can be seen that the steel fibers were pulled out from the matrix, which is consistent with previous research [45] . The better bond characteristic of geopolymer binders with steel reinforcement [18, 27, 43] caused by their homogenous micro-structures [25] could result in significant fracture energy enhancement with fiber incorporation. Table 5 also illustrates that the optimum steel fiber volume fraction for SGC was 1.5%, and the fracture energy reached a maximum of 5875.2 N/m, which is about 28 times that of the control SGC beam. 
Equivalent and Residual Flexural Strengths
According to RILEM TC 162-TDF [37] , the load at the limit of proportionality F L , the corresponding strength f f,L , the equivalent flexural strength f eq,2 and f eq,3 , and the residual flexural strength f R,1 and f R,4 as shown in Figure 8 , were assessed with reference to the load vs. mid-span displacement curves recorded experimentally. The strength corresponding to the limit of proportionality can then be evaluated using Equation (3):
where B, H, S and a 0 are the thickness, depth, span and initial notch depth of the beam, respectively.
The equivalent flexural strength f eq,2 and f eq,3 were evaluated up to the deflections of δ 2 and δ 3 (δ 2 Figure 8 . The equivalent flexural strength can be calculated using Equations (4) and (5):
The residual flexural strength f R,1 and f R,4 , referring to the midspan deflection of 0.46 mm and 3.0 mm, respectively, could be evaluated using Equations (6) and (7):
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The equivalent flexural strength feq,2 and feq,3 were evaluated up to the deflections of δ2 and δ3 (δ2 = δL + 0.65 and δ3 = δL + 2.65, where δL is the deflection corresponding to FL). The energy required by the fracture of plain concrete was excluded when evaluating the equivalent flexural strength. Only the effect of fibers ( ,2 and ,3 ) was considered, as shown in Figure 8 . The equivalent flexural strength can be calculated using Equations (4) and (5) The residual flexural strength fR,1 and fR,4, referring to the midspan deflection of 0.46 mm and 3.0 mm, respectively, could be evaluated using Equations (6) and (7): All of the above parameters of steel fiber-reinforced SGM and SGC are reported in Table 6 . This reveals that the equivalent flexural strength feq,2 of both SGM and SGC is higher than their other equivalent flexural strength feq,3, which is consistent with the RILEM TC 162-TDF's [37] recommendation that the former be used in serviceability state and the latter in ultimate state. The linear trend between feq,3 and feq,2 of steel fiber-reinforced SGM and SGC carried out by linear regression analysis is shown in Figure 9 . The proportionality coefficient (i.e., 0.9016) is lower than that (i.e., 0.9926) obtained by Barros et al. [46] by conducting TPB tests on deformed steel fiberreinforced PCC with a fiber volume addition up to 0.57%. It is clear that the residual flexural strength is easier to evaluate than the equivalent flexural strength. The relationship between fR,1 and fR,4 of steel fiber-reinforced SGM and SGC is shown in Figure 10 . It is clear that fR,4 is about 79% of fR,1, which is similar to that of steel fiber-reinforced PCC [47] . In addition, the relationships between feq,2 and fR,1 and between feq,3 and fR,4 are presented in Figure 11 . A strong correlation between the equivalent and residual flexural strength parameters is observed in fiber-reinforced SGM and SGC, which is consistent with the results obtained by other authors conducted on fiber-reinforced PCC [46, 47] . All of the above parameters of steel fiber-reinforced SGM and SGC are reported in Table 6 . This reveals that the equivalent flexural strength f eq,2 of both SGM and SGC is higher than their other equivalent flexural strength f eq,3 , which is consistent with the RILEM TC 162-TDF's [37] recommendation that the former be used in serviceability state and the latter in ultimate state. The linear trend between f eq,3 and f eq,2 of steel fiber-reinforced SGM and SGC carried out by linear regression analysis is shown in Figure 9 . The proportionality coefficient (i.e., 0.9016) is lower than that (i.e., 0.9926) obtained by Barros et al. [46] by conducting TPB tests on deformed steel fiber-reinforced PCC with a fiber volume addition up to 0.57%. It is clear that the residual flexural strength is easier to evaluate than the equivalent flexural strength. The relationship between f R,1 and f R,4 of steel fiber-reinforced SGM and SGC is shown in Figure 10 . It is clear that f R,4 is about 79% of f R,1 , which is similar to that of steel fiber-reinforced PCC [47] . In addition, the relationships between f eq,2 and f R,1 and between f eq,3 and f R,4 are presented in Figure 11 . A strong correlation between the equivalent and residual flexural strength parameters is observed in fiber-reinforced SGM and SGC, which is consistent with the results obtained by other authors conducted on fiber-reinforced PCC [46, 47] . 
Fracture Toughness
According to the handbook of stress analysis [48] , the stress intensity factor for three-point bending beams with a span-to-depth ratio of 4.0 can be determined as follows:
where P is the load, CMOD is the crack mouth opening displacement, E is the Young's modulus and a is the crack length. The fracture toughness of steel fiber-reinforced SGM and SGC can be calculated by Equations (8)- (11), referring to the following steps [49] [50] [51] :
(1) Calculate the Young's modulus E using Equations (10) and (11) according to the initial cracking load P ini and the corresponding CMOD; (2) Insert the measured maximum load P u and the corresponding CMOD c , and the Young's modulus E into Equation (10) to calculate the critical crack length a c ; (3) Substitute the measured maximum load P u and the evaluated a c into Equation (8) to obtain the fracture toughness.
Dias and Thaumaturgo [49] proposed that the reinforcement effect of fibers can be represented by using the toughening factor (F T ) calculated by Equation (12):
The fracture toughness K IC and the F T values of SGM and SGC are summarized in Table 7 . The fracture toughness of unreinforced SGM was 1.01 MPa·m 1/2 and it increased with the fiber volume content. The F T of steel fiber-reinforced SGM was 4.25 when the fiber volume content was 2.0%. For steel fiber-reinforced SGC, the fracture toughness K IC and the F T reached the largest value when the steel fiber volume content was 1.5%. 
Softening Curves
Softening curve is a basic component of the fictitious crack model proposed by Hillerborg et al. [52] . It is a material property which represents the relationship between the cohesive stress and the corresponding crack opening across the fracture process zone (FPZ).
In practical applications, simplified strain-softening models have been used to describe the real strain-softening diagram of concrete. Based on previous studies, several researchers [53] [54] [55] have suggested using a trilinear strain-softening diagram ( Figure 12 ) to predict the load-displacement curves of fiber-reinforced concrete. The fracture mechanisms of fiber-reinforced concrete are different from those of plain concrete because of the incorporation of discrete fibers which increase the size of the FPZ [55] . The nonlinear FPZ for fiber-reinforced concrete is divided into the aggregate bridging zone and the fiber bridging zone (see in Figure 12 ). A general expression of the trilinear softening traction-separation law is given by Equation (13). 
The above equation (Equation (13)) is characterized by six independent parameters, the tensile strength f t , two kink points (f 1 , w 1 and f 2 , w 2 ) and the crack width w 0 that corresponds to zero cohesive stress.
On the basis of TPB tests, the softening law can be determined indirectly by a backward analysis [51, [56] [57] [58] . The software CONSOFT [59, 60] originally developed by Prof. Volker Slowik and his colleagues at the University of Applied Sciences in Leipzig Germany was utilized to determine the softening curves of the steel fiber-reinforced SGM and SGC.
The essential parameters of the trilinear softening curves of steel fiber-reinforced SGM and SGC obtained from the inverse analysis are summarized in Table 8 . The values of f t used here were obtained from the splitting tensile tests (refer to Table 4 ). Figure 13 shows the trilinear strain-softening curves of steel fiber-reinforced SGM and SGC with three fiber volume contents obtained from the inverse analysis. It can be seen from Figure 13a that the second descending slope of the softening curve of steel fiber-reinforced SGM becomes higher with the increase of the fiber volume content. However, for the steel fiber-reinforced SGC, as shown in Figure 13b , this tendency is broken at the fiber volume content of 1.5%, which is consistent with the experimental results showing that 1.5% fiber content exhibits the best reinforcement. The load-displacement curves of steel fiber-reinforced SGM and SGC with fiber volume content of 1.0% predicted by using the obtained trilinear strain-softening diagrams and directly obtained from experiments are shown in Figure 14 . The shadowed areas represent the scatter of the experimental load-displacement curves of four identical specimens. It is evident from Figure 14 that the predicted load-displacement curves agree well with the experimental results, demonstrating the credibility of the trilinear softening curves obtained from the inverse analysis. 
Conclusions
The mechanical and fracture characteristics of plain and hooked-end steel fiber-reinforced slag-based geopolymer mortar and concrete (SGM and SGC) are analyzed and compared in this paper, and the following conclusions can be drawn.
(1) The inclusion of steel fibers increases both the compressive strength and the splitting tensile strength of SGM and SGC, while the reinforcing efficiency is more significant on the splitting tensile strength. The enhancements of the compressive and splitting tensile strengths increase with the fiber volume contents for SGM, while SGC has an optimal fiber volume content of 1.5%. In addition, the existing formula for steel fiber-reinforced PCC underestimates the splitting tensile strengths of steel fiber-reinforced SGC and SGM. (2) The equivalent flexural strength f eq,2 of both SGM and SGC is higher than their other equivalent flexural strength f eq,3 , and a linear trend between them is found. The residual flexural strength f R,4 is about 79% of the other residual flexural strength f R,1 . A strong correlation between the equivalent and residual flexural strengths is also observed. (3) The addition of steel fiber significantly improves the fracture energy of SGM and SGC. For SGM, the enhancement of fracture energy increases with the fiber volume content. The fracture energy of SGC reaches the largest value when the fiber volume content is 1.5%. The fracture toughness increases significantly with the fiber incorporation and the improvement can be more than four times for SGM with the fiber volume dosage of 2.0%. (4) The trilinear strain-softening diagram can be used to predict the load-displacement curves of steel fiber-reinforced SGM and SGC.
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